ABSTRACT: The disease that killed more than 18 000 harbour seals Phoca vitulina and a small number of grey seals Halichoerus grypus in the North Sea, the Kattegat-Skagerrak and the southern Baltic in 1988 has now been well described for all afflicted areas, and the pathological and virological findings are In good concordance from all seal groups studied. The descriptions vary in detail but render l~ttle doubt that the disease had identical characteristics, and that a newly recognised virus, phoclne distemper virus (PDV), of the genus A4orbillivirus, was the primary cause of the disease. A number of viral and bacterial agents as well as parasites were identified in the dead seals, but none of them seem to be of primary importance for the development of the disease syndrome. The high mortality can probably b e explained by the fact that a highly pathogenic vlrus was introduced into a n a v e population with no specific immunity to the infectious agent. It is also possible that factors such as organochlorine pollution or crowding of seals a t haul-out sites may have exacerbated the impact of the disease in some areas. However, there are currently insufficient data to determine the potential role of these other factors in the severity of the outbreak. Antibodies to infections by canine distemper virus (CDV)-like viruses are present in both North Atlantic and Antarctic pinnipeds, but the immunological response is usually distinct from that to PDV. The pathogenicity of these infections is unknown, but likely less than for the virus that infected North Sea harbour seals in 1988. However, harp seals Phoca groenlandica a r e frequently infected by PDV and they have recently invaded the North Sea where they have been observed in the vicinity of harbour seal haul-out sites. Hence, migrating harp seals are a plausible vector of the virus. PDV has been transmitted to terrestrial carnivores causing distemper outbreaks in Danish farmed mink Mustela vison in 1989, and an epizootiological link cannot be excluded. There a r e no ep~zoot~ological links between the seal epizootic in North Western Europe In 1988-89 and the disease outbreaks in Baikal seals Phoca sibirica and high Arctic sled dogs in 1987-88. 
INTRODUCTION
When massive numbers of dead harbour seals Phoca vitulina were washed ashore in northern Europe during the spring and summer of 1988, it created a public sensation and a scientific dilemma. A large variety of studies on seal diseases, their effects and triggering mechanisms were initiated in response to the public outcry for better understanding of human impacts on marine ecosystems. This event was the first documented large-scale die-off of pinnipeds in Europe in modern times. It occurred during a period of increasing public concern about pollution and its impacts upon marine mammal populations, and during summer months when many tourists could witness seal carcasses drifting at sea or washed ashore on beaches. However, it was certainly not the first mass die-off of marine mammals. Whales are known to die in large numbers in ice entrapments, by strandings, and possibly from poisoning by algae (Mitchell & Reeves 1981 , Martin et al. 1987 , Perrin 1988 , Geraci 1989a , b, Geraci et al. 1989 . Dietz et al. (1989b) and Harwood & Hall (1990) reviewed mass die-offs of seals. The most recent and well documented are those of crabeater seals Lobodon carcinophagus in the Antarctic in 1955 and of harbour seals in New England, USA, during 1979-80 (Laws & Taylor 1957 , Geraci et al. 1982 . In the first of these, more than 3000 crabeater seals died and post-mortem findings were similar to those in Europe in 1988, but no serological examinations were made (Laws & Taylor 1957) . In New EngIand, at least 500 harbour seals died in 1979-80, and an influenza virus probably of avian origin was identified as the primary cause of death. In fact, most reports of mass die-offs of marine mammals involve harbour seals. Harwood & Hall (1990) mention several incidents from the 18th, 19th and early 20th centuries when large numbers of harbour seal carcasses were washed ashore around the British Isles. This is partly due to the coastal habits of harbour seals which makes recordings of carcasses more likely than for most other marine mammals.
This paper reviews pathology, epizootiology, mortality and population effects of the 1988 seal disease. The primary cause has been established to be the morbillivirus, phocine distemper virus (PDV).
EPIZOOTIOLOGY OF THE DISEASE Dispersal
The detailed mapping of the geographical dispersal of the disease during 1988 provided by Dietz et al. (1989b) was generally confirmed at meetings of experts in the International Council for the Exploration of the Sea (ICES 1989 (ICES , 1990 . The disease erupted in the central Kattegat and was first detected by observations of unusual numbers of abortions on Anholt (Fig. 1) . By early May, the disease had spread to the eastern Kattegat and into the Danish and Dutch Wadden Sea. In June, deaths were also noted in the Skagerrak and the German Wadden Sea and by July in the Oslo Fjord and the southern Baltic. The disease finally reached United Kingdom waters in August and deaths continued to be recorded in these areas until November (Hall et al. 1992a) .
Dispersal rate of the disease was measured in the Kattegat-Skagerrak by comparing the time when peak numbers of dead seals were registered (i.e. when 50 % of the total mortality at each locality was experienced) at the 12 main localities. It was found that the dispersal rate was inversely proportional to the distance between afflicted seal herds (p<0.05), but no correlation was found between herd size and dispersal rate (Heide-J~rgensen & Harkonen 1992) . In most other areas, fine-scale information on dispersal rates could not be collected because harbour seals do not haul out in the text and in Table 1 observed differences in mortality can be explained by assuming either that the proportion of infected animals which died ranged from 0.15 to 0.67, or that the number of sufficient contacts varied by a factor of 3. The high prevalence of antibodies in survivors from areas of low mortality (Harwood et al. 1989 indicate that most infected seals survived. However, it has also been suggested that, in lowdensity herds, low doses of virus could produce a humoral response without causing infection . The cause behind the observed differences in mortality therefore remalns unclear.
Although serological studies indicate that a high proportion of United Kingdom grey seals encountered PDV during 1988 (Harwood et al. 1989 , Cornwell et al. 1992 , annual surveys at their breeding colonies suggest that the disease caused little additional mortality in this species . However, pup production at several major colonies was 6 to 24 % lower than expected in 1988 and it is possible that this could have resulted from PDV infection.
Mortality as index of epizootic intensity. In the central Kattegat the disease erupted in April and May, a time when females are carrying near-term foetuses. Nearly all females at the 2 first affected local~ties either aborted or lost their pups due to the disease or abandonment (Heide-Jsrgensen & Harkonen 1992) . This shows that nearly all (>g5 %) of the pregnant females present at these 2 localities were infected. Males had a higher mortality (see section 'Sex-and age-related mortalities'), so a similar or higher proportion of males is expected to have been infected. Thus, an intensity of more than 95 % in seals of both sexes present close to the haul-out sites can be inferred (Heide-Jerrgensen & Harkonen 1992) .
Blood serum sampled in Britain in 1989 showed that 88 % of seals older than 2 yr (n = 32) were seropositive, whereas only 12 O/o of younger seals (n = 24) had antibodies against morbilli virus (Harwood et al. 1989 , see section 'Disease agents'). The implication is that, if mortality in Britain was 60 %, then the intensity of the epizootic must have been about 95 % in British waters in the population older than 1 yr. Scottish harbour seals had a similarly high prevalence of antibodies, suggesting that the low mortality observed there was due either to higher resistance in the seals or to mutation of the virus ). This may also be a consequence of dose-effect related differences in humoral response as suggested by .
Sex-and age-related mortalities
Detailed information on age-specific mortality is available from the Kattegat-Skagerrak (Harkonen & Heide-Jerrgensen 1990a), the Danish (Danish Environmental Research Institute, Kaler, Denmark) and north German parts of the Wadden Sea (Marsh & Scheibel 1989) , and the United Kingdom (Hall et al. 1992) . Approximate tentative age estimations were made for broad age classes in the Limfjord (Danish Environmental Research Institute, Kaln, Denmark, unpubl. data) and the Niedersachsen coast of Germany (Stede 1990a ). In the latter cases, the imprecise ageestimation technique precludes the use of the results in detailed analyses. Techniques for proper age determination are given in Dietz et al. (1991) .
Sex ratio of dead pups was not significantly different from 1: 1 in areas where the disease peaked during pupping, suckling or weaning. In these areas, where pups died from abortions, abandonment or infections, a pup mortality close to 100 % was experienced (Dietz et al. 1989b , Heide-Jsrgensen & Harkonen 1992 . Later in the season pups in good condition died from the infection, and these areas showed a larger proportion of dead male pups (Heide-Jurgensen & Harkonen 1992, Danish Environmental Research Institute, Kaler, Denmark, unpubl. data) .
The disease did not arrive in the United Kingdom until August, well after the end of lactation. There, pups born in 1988 were under-represented in the sample of dead seals and the sex-ratio of dead pups was close to l : l (Hall et al. 1992a) . The low number of dead pups, and the similarly low prevalence of morbillivirus antibodies in this age-class (Harwood et al. 1989) suggest that the tendency for weaned pups to haul-out less frequently (Thompson & Harwood 1990 ) may have reduced their contact with infected individuals.
In seals older than pups (> 6 mo), males were the first to be affected, and they died in significantly higher proportions during the first half of the epizootic period at most localities, whereas females dominated in the second half (Heide-Jerrgensen & Harkonen 1992). The total proportion of dead seals that were males varied between localities, probably as a result of the time when the disease was introduced. At localities exposed early in the season, 45 to 60 % were males, compared with 55 to 75 % at localities affected during peak moult or later (Marsh & Scheibel 1989 , Heide-Jerrgensen & Harkonen 1992 , Hall et al. 1992a .
Age structure of dead seals of more than 1 yr of age differed significantly between stocks. More than 70 % of the dead seals of more than 1 yr were adults (exceeding 4 yr of age) in areas where the epizootic raged early in the season (Harkonen & HeideJerrgensen 1990b) , compared with about 50 % in areas affected during moult or later (Marsh & Scheibel 1989 , Hall e t al. 1992a .
These geographical and temporal variations in the structure of the samples of dead seals could have resulted either from behaviour-mediated differences in contact rate, or from variations in the immune status of different age or sex classes. The higher proportion of dead males in areas where the disease arrived late in the summer may have been d u e to males spending more time ashore at this time of the year (Thompson et al. 1989) . Alternatively, certain classes of seals may have been more vulnerable to disease at particular stages of the annual cycle, e.g. when females are in poor body condition towards the end of lactation. Whatever the cause of these differences, it is clear that age-specific mortality profiles were not constant throughout the region. Consequently, the long-term effects of the mortality must be evaluated separately for different seal stocks.
Threshold size of seal herds
Epizootiological modelling has been carried out for the Kattegat-Skagerrak, where the dynamics of the epizootic were studied in detail at 5 localities. A large proportion of the dead seals were recorded at these sites, from herds ranging in size before the epizootic from 80 to 1500 individuals (Heide-Jmgensen & Harkonen 1992) . A discrete stochastic model showed that, within such a range, no fixed threshold size of a seal herd was required for a n epizootic to expand and that widely separated seal herds showed similar dynamics of the epizootic. These findings probably can be explained by the gregarious behaviour of harbour seals: nearly all seals present at each locality eventually became infected, regardless of the absolute size of the seal herd.
Recurrent cycles
It has been suggested that mass mortalities in marine mammals could play an important role in determining long-term average population sizes (Harwood & Hall 1990) . The disease afflicting the seals in 1988 was probably new to most of the North Sea harbour seals, although the low number of samples available from before the epizootic means that evidence of previous outbreaks would have been missed. Emerging diseases are more devastating when they are new to a population (Miller 1989) . Other incidents of epizootics resulted in low mortality (5 % or less) in affected groups andlor involved only small isolated groups within the wide geographical range of the species.
Few recurrent outbreaks of disease documented for pinnipeds have shown rapidly dampened oscillations. For example, the influenza epizootic in New England in 1979-1980 was followed by a n outbreak in 1982, but the mortality resulting from the second outbreak was considerably lower (Geraci et al. 1984) . Recycling of canine distemper virus (CDV) in crabeater seals is indicated by the fact that a majority of mature individuals in 1989 had antibodies to CDV, and a smaller proportion of the youngest year classes (0 to 4 yr) showed evidence of contact with the infective agent (Bengtson e t al. 1991) .
The model of Grenfell e t al. (1992) for a single PDV epizootic indicates that the transmission potential for the virus was so high that the infection could not persist in a single North Sea colony beyond 1988. Analysis of longer-term trends suggested that, if PDV was reintroduced, it would not cause a major epizootic until the proportion of susceptible seals had built u p for at least 10 yr. However, the model assumed that there were no spatial, seasonal, age-or sex-specific variations in transmission rate, which this review has shown is unlikely to be the case. More importantly, the model did not account for the fact that the North Sea harbour seal population is spatially structured, and that herds were successively infected. Consequently, we suggest that the predictions from this preliminary and rather crude model should be treated with caution.
Several lines of evidence suggest that specific immunity persists once seals have been exposed to morbilliviruses. In dogs, CDV antibodies persist for a lifetime (Appel 1987) . Furthermore. maternal antibodies were present in samples from pups caught in the United Kingdom (Cornwell et al. 1992 ) a n d in Norway (Markussen in press) during 1990, 2 yr after the epizootic. In the United Kingdom, however, a large proportion of the younger seals escaped the infection and appeared as susceptibles in seroconversion tests 1 and 2 yr after the epizootic (Harwood et al. 1989 , Carter e t al. 1990 , Cornwell et al. 1992 ).
Probability of extinction due to repeated epizootics
Harwood & Hall (1990) reviewed mathematical models of epizootics and the role of epizootics in population dynamics. They found that the models were applicable primarily to short-lived species with rapid turnover rates. Harbour seals, like other pinnipeds, are long-lived animals that aggregate seasonally to breed or moult. Viral diseases in such species would resemble epidemics of venereal disease in humans. Population density has little or no effect on the development of the epidemic because infectives always come into contact with susceptibles even when the numbers of individuals a r e low.
The social organization and behaviour of pinnipeds make them vulnerable to repeated epizootics. On an evolutionary time scale, the probability of extinction should be high. However, evident persistence of pinnipeds shows that aspects of thelr behaviour or ecology have provided a strategy for survival. Can the North Sea seal epizootic give some clues to this strategy? One way to address this question might be to investigate populations or parts of populations that escaped the disease.
During the 1988 epizootic, deaths were not recorded in harbour seal populations in Iceland, Svalbard, northern Norway or the northern Baltic. Nevertheless, it is possible that low mortality in these remote populations could have been missed, and no blood samples have been obtained to confirm whether or not these populations came into contact with PDV in 1988. Relative geographical isolation may, however, have resulted in these populations not being infected. Distances to and sizes of neighbouring seal herds and relative geographical isolation may explain why these seal herds escaped the disease. Dispersal rate of the disease between seal herds is correlated to distance between herds in the Kattegat-Skagerrak (HeideJargensen & Harkonen 1992). Theoretically, then, it is reasonable to infer that long distances sometimes act as barriers against dispersal. In diseases with short infectious periods, periphenal sub-populations can escape epizootics and thereby provide a pool of survivors that can contribute to the recovery of the population. Also, some seal herds or sex and ageclasses within herds may survive if the disease rages outside the peak periods of aggregation on land.
In continental Europe, total mortality was roughly 60 % (Hdrkonen & Heide-Jargensen 1990b, ICES 1990), but in some areas adults died in substantially higher frequencies than subadults (Harkonen & Heide-Jargensen 1990a) . Thls finding suggests that more subadults than adults were absent from the haulout site during the infectious period. It is supported by serological results from Britain, where fewer young individuals than adults were seropositive after the epizootic (Harwood et al. 1989) .
Thus, behavioural and ecological features of pinniped populations provide possible explanations for how gregarious long-lived animals avoid extinction during severe epizootics.
DISEASE MANIFESTATIONS
Clinical symptoms, macroscopic observations and histology have been described for harbour seals from Denmark, Germany, Norway, United Kingdom (Northern Ireland, Scotland) and Sweden. Generally, the pathology of the diseased seals was similar to that caused by canine distemper infection in dogs (see Appel 1987) . Grey seals seemed to be less susceptible to the disease than harbour seals. This is clear from the low grey seal mortality around United Kingdom where they are more common than harbour seals . The lower susceptibility was also confirmed in experimental inoculations of the pathogenic virus in a captive grey seal ).
Clinical symptoms
Several investigators report that diseased seals showed sluggishness on land, inability to escape, disinclination to return to the sea, inability to dive, apathy, coughing, dyspnoea and nasal discharge (Breuer et al. 1988d , Kennedy et al. 1989b , Bergman et al. 1990 , Krogsrud et al. 1990 , Stede 1990a . Some seals showed neurological disturbances such as muscle tremor and uncoordinated movements, and in some individuals haemorrhagic dlathese and fever as high as 41 "C was observed (Breuer et al. 1988d ). Many seals had subcutaneous swellings in upper parts of the cervical and thoracic regions (Kennedy et al. 1989b , Bergman et al. 1990 ). Some had catarrhal symptoms such as rhinitis, conjunctivitis and diarrhoea (Kennedy et al. 1989b , Bergman et al. 1990 , Heje et al. 1992 . Diseased females often aborted their near and full term pups, which then died from starvation or premature birth (Harkonen & Heide-J~rgensen 1990b) .
Macroscopical and histological findings
Generally, the seals were in good nutritive condition, with blubber layers more than 1.5 cm thick during June (Breuer et al. 1988c , Breuer et al. 1988d , Harkonen & Heide-Jargensen 1990a , Baker 1992 . Lesions in respiratory and lymphatic organs were characteristic for most of the dead seals (Kennedy et al. 1989b , Bergman et al. 1990 , Baker 1992 . Also liver and intestinal lesions were frequently found (Stede 1990a) .
Respiratory organs. Macroscopical signs of pneumonia, with secondary severe emphysema of pulmonary alveoli, ~nterstltium, mediastinurn and subcutaneous tissues of dorsal parts of the neck and thoracic regions, were found consistently in the seals (Breuer et al. 1988c , Kennedy et al. 1988a , 1989b , Bergman et al. 1990 , Stede 1990a , Heje et al. 1992 . particularly in cases where pneumonia was considered the immediate cause of death (Breuer et al. 1988c , Heje et al. 1992 .
Some seals had collapsed lungs with congestion and haemorrhagic lung infarct, mucopurulent exudates in the bronchi, interlobular oedema and emphysema, and hyaline membranes with oedema (Breuer et al. 1988d , Kennedy et al. 1989b , Krogsrud et al. 1990 . Schumacher et al. 1990 . Baker 1992 . The bronchial exudate was usually reddish-brown and mucoid .
In microscopical examinations the predominant lesion in the lungs was an interstitial pneumonia showing widened interalveolar septa due to oedema and accumulation of mononuclear cells of histiocytic type and broncho-alveolar and interstitial pneumonia with alveolar infiltration of granulocytes (Kennedy et al. 198913, Bergman et al. 1990 , Krogsrud et al. 1990 . Also, congestion of alveolar capillaries, alveolar oedema, and proliferation of alveolar epithelial cells and inclusion bodies in alveolar macrophages were found (Kennedy et al. 1989b , Krogsrud et al. 1990 , Heje et al. 1992 ). Intracytoplasmic inclusion bodies were often found in the epithelial cells of trachea (Bergman et al. 1990 , Krogsrud et al. 1990 , Heje et al. 1992 .
In German seals infestations by lung parasites (see sections on parasites) were described and histologic examination of lungs was not possible because of a perifocal, non-purulent interstitial cell infiltration caused by the parasites (Breuer et al. 1988a , Hofmeister et al. 1988 , Schumacher et al. 1990 ).
Lymphatic organs. Macroscopically the lymphatic organs appeared small and atrophic with occasional enlargements of the bronchial lymph nodes and/or the spleen due to secondary bacterial infection (Bergman et al. 1990 ). According to Breuer et al. (1988d) , Kennedy et al. (1989b) , Krogsrud et al. (1990) and Munro et al. (1992) lymph nodes were enlarged and oedematous. Microscopically, lymphatic tissues including the gutassociated lymphoid follicles were characterized by severe depletion of lymphocytes (Bergman et al. 1990 , Pohlmeyer 1990 , Schumacher et al. 1990 , Baker 1992 . Cortical lymphocytes in the thymus were depleted and therefore the cortex appeared narrow and thin (Bergman et al. 1990 ). In lymph nodes depletion of lymphocytes led to atrophy of cortical and paracortical regions (Bergman et al. 1990 , Schumacher et al. 1990 , Heje et al. 1992 . Focal areas of necrosis were seen in lymph nodes of lungs (Krogsrud et al. 1990) .
The thymus was examined in a few of the seals found dead in the United Kingdom, and these too showed sign of involution and a lack of thymocytes (Baker 1992 , Kendall et al. 1992 ). Blood thymulin levels in live grey seals were inversely related to CDV titres, indicating that PDV was having an immuno-suppressive effect even on those individuals which survived infection (Kendall et al. 1992) .
In the spleen, the dominant lesions were located to the white pulp with lymphocyte depletion both of the periarteriolar lymphocyte sheaths and the lymphoid follicles (Bergman et al. 1990 ). Other observations were slight atrophy of the white pulp with lymphocyte depletion, presence of pigment-loaded macrophages and acute congestion, and necrosis (Kennedy et al. 1989b , Schumacher et al. 1990 ). Cut-associated lymphatic tissue showed lymphocyte depletion of the follicles in the Peyer's patches (Bergman et al. 1990 ). Macroscopically the spleen showed hypertrophy and a tar-like composition of the sectional plane (Stede 1990a ).
Brain. The brain changes were characteristic of nonsuppurative encephalitis (Kennedy et al. 1989b ). Brain lesions were described in detail by Kennedy et al. (1989b) and they included severe demyelination in subependymal and subpial white matter, where proliferation of astrocytes and formation of gemastocytes and syncytia were also noted. Neuronal necrosis, gliosis and perivascular cuffing were also common in the cerebral cortex.
Brains of 31 seals from Germany were examined histologically, and in 19 of these the neuropathological alterations included multifocal, non-purulent, perivenous cuffs in different degrees, particularly in the white matter of the cerebellum and the brain stem, and, of these, especially the cerebellar folia and peduncles. In 14 individuals, non-purulent ependymitis and ependymal oedema was found in addition, and in 8 individuals, multifocal demyelinating leukoencephalitis also was found (Breuer et al. 1988a . Hofmeister et al. 1988 ). Intracytoplasmic and intranuclear eosinophil inclusion bodies were present in neurons in 6 German seals and were common in Irish seals (Hofmeister et al. 1988, Kennedy et al. 198913) . All these brain lesions are similar to CDV-provoked encephalitis in dogs (Breuer et al. 1988a , Hofmeister et al. 1988 .
Miscellaneous lesions. Some urinary bladders had intracy toplasmic eosinophilicinclusion bodies (Kennedy et al. 1989b , Bergman et al. 1990 . Catarrhalic and haemorrhagic inflammation of the stomach and intestine accompained by severe hepatic lesions were among the main symptoms of the disease (Stede 1990a (Stede , 1990b . Acute congestion of 10 livers (n = 21) and 3 ludneys (n = 18) was observed in seals from Germany. Severe congestion of livers and spleen was seen in most Danish and Scottish seals (Heje et al. 1992 . Atrophy of adrenal glands was seen in 2 seals (Schumacher et al. 1990 ) but hypertrophy was found in most cases . Intracytoplasmic and intranuclear inclusions were also seen in gastric epithelial cells (Kennedy et al. 1989b ). Initially, a herpesvirus was isolated and thought to be of importance for the disease syndrome of the seals (Osterhaus 1988 ). However, herpesvirus was isolated in only 23 of 114 tested seals from Denmark . A German screening of 71 free-ranging and 41 captive seals revealed presence of infectious herpesviruses in 1 and 3 seals, respectively (Frey et al. 1989) . Six virus isolates were considered herpes-like on the basis of cytopathic changes. Neutralization tests using the virus isolates showed that 53 % of the free-ranging seals were seropositive to one of the isolates, whereas less than 22 % of the captive seals were seropositive (Frey et al. 1989 ). Earlier, a herpesvirus was isolated from an outbreak of an epizootic amongst captive seals in Holland, where 11 of 23 pups died (Osterhaus et al. 1985) . A related herpesvirus was found to be widespread in free-ranging pinnipeds (Osterhaus et al. 1987) .
DISEASE AGENTS

Herpesviruses
Inoculation of one of the herpesvirus isolates in 3 seronegative subadult harbour seals resulted in rapid antibody formation and mild infection without serious illness (Horvat et al. 1989) .
Herpesviruses were considered of minor importance for the 1988 seal disease because ( l ) they were isolated in only a small percentage (1 to 20 %) of the freeranging seals, (2) neutralizing antibodies against the herpesvirus isolate were present in only 53 % of the seals, (3) these viruses have low pathogenicity, and (4) vaccination with candidate vaccines did not protect the seals against the fatal disease (Frey et al. 1989 , Horvat et al. 1989 . Presence of herpesviruses in seals from various areas is shown in Table 2 .
Antibodies to European phocine herpesviruses have also been detected in sera of Antarctic Weddell seals Leptonychotes weddelli and crabeater seals (T.C.
Harder, Hannover Veterinary School, Germany, pers. comm.).
Morbilliviruses
The primary cause of the disease has been identified in all affected areas as a virus related but not identical to canine distemper virus (CDV) (Breuer et al. 1988a , Cosby et al. 1988 , Hofmeister et al. 1988 , Kennedy et al. 1988a , Liess et al. 1989a , b, Curran et al. 1990 , Krogsrud et al. 1990 . The virus was identified in CDV neutralization tests (Breuer et al. 1988a , Hofmeister et al. 1988 , Liess et al. 1989b 
Sources: " Reijnders 1989 , Krogsrud et al. 1990 bOsterhaus et al. 1988 , Reijnders 1989 , Bergman et al. 1990 'Osterhaus 1988 , Heje et al. 1992 dFrey et al. 1989 , Klrchhoff et al. 1989 , Liess et al. 1989a , b, Tewes 1989 'Osterhaus 1988; 'Mahy et al. 1988 . Reijnders 1989 , Baker & Ross 1992 gCosby et al. 1988 , Reijnders 1989 . Baker & Ross 1992 hKennedy et al. 1988a Krogsrud et al. , Cornwell et al. 1992 , immunofluorescence and immunoperoxidase staining of morbillivirus antigen in tissues of affected seals (Kennedy et al. 1988a , b, Have et al. 1992 , and virus isolation (Breuer et al. 1988a , Hofmeister et al. 1988 , Kennedy et al. 1988a ). Inoculation of tissue suspensions from dead seals into specific-pathogen-free dogs caused a morbillivirus infection with mild clinical signs suggestive of canine distemper and presence of a morbillivirus in lung macrophages. Also, CDV-neutralizing antibodies were detected in the pathogen-free dogs 10 d after the inoculation , Osterhaus et a1 1990 . Jager et al. (1990) , in a similar experiment. could not confirm the pathogenicity of the seal virus in dogs but showed that the humoral response of the dogs could discriminate between isolates of the seal virus and CDV Confirmation that the primary cause of the seal disease was CDV or another morbillivirus was provided by experimental vaccination of seals against CDV. Two sham-vaccinated individuals died; the other 6 vaccinated seals survived a challenge with homogenates of tissues derived from diseased seals (Osterhaus et al. 1989a , Visser et al. 1989 . Mahy et al. (1988) showed by nucleic acid hybridization that the virus was probably a new member of the genus of Morbillivirus, different from both CDV and the other morbilliviruses. Cosby et al. (1988) confirmed that the seal-derived morbillivirus was antigenically more related to CDV than to other morbilliviruses, but that it had a nucleocapsid protein resembling some properties (e.g. molecular weight) of many rinderpest virus (RPV) strains. They also found that although the virus was more closely related antigenically to CDV than to measles or rinderpest viruses, it differed from CDV and RPV by epitopes on the N, F, P and H proteins. Since known strains of CDV have a high degree of antigenic conservation at these epitopes, these results indicated that the virus was distinct from CDV. On the basis of this variation from standard strains of CDV, Cosby et al. (1988) 
christened the new virus phocine distemper virus (PDV).
An isolate of PDV was used for comparative testing of neutralizing antibodies against CDV and PDV in sera from 57 dead or moribund seals at a German seal nursery (Liess et al. 1 9 8 9~) .
The titres against PDV were invariably higher than against CDV, suggesting a novel morbillivirus distinct from CDV. Also the humoral response in 8 harbour seals inoculated with a low dose of virus isolate showed discrimination between PDV and CDV in neutralization tests and antibody-binding assay ). Using polymerase chain reaction, Haas et al. (1990) showed that PDV was different from RPV, and Osterhaus et al. (1990) showed that PDV antibodies were not directed against measles virus by specific haemagglutination inhibition. The seal virus was characterized further by Bostock et al. (1990) , who showed in neutralization tests and ELISA reactions that the antibodies in seal sera reacted 'more broadly with the morbilliviruses' than do sera raised against other members of the morbillivirus genus (e.g. peste-des-petits-ruminants and RPV). PDV isolates from Ireland, Denmark and Holland reacted identically with a panel of monoclonal antibodies against CDV and PDV. The results indicated that PDV isolates from the 3 areas were 'very closely related or identical' , Cosby et al. 1988 , Visser et al. 1990 ). Also, nucleic acid hybridisation and polymerase chain reaction analysis of PDV isolates from infected seals from throughout northern Europe showed that the infectious agent was identical in all studied seal herds (Barrett et al. 1992 ).
Conclusive evidence that PDV, CDV, measles and RPV are distinct viruses came from comparison of nucleotide sequences. The overall homology between PDV and CDV was approximately 70 % at the nucleic acid and protein levels, and the homologies to measles and RPV were much poorer (Curran et al. 1990) . PDV appeared to be as different from CDV as RPV is from measles, and it is unlikely that PDV developed from a recent mutation of CDV (Curran et al. 1990 ). The description of PDV as a new species in the genus Morbillivjrus is now in progress, e.g. Rima et al. (1990) , Haas et al. (1991) , Harder et al. (1991) .
Other infectious agents
In many cases, the final cause of death for seals infected with PDV was bacterial infection with one or more opportunistic pathogens. Unfortunately, the presence of bacteria and mycoplasma was not tested for or reported consistently in many studies. Nevertheless, there appear to be several bacteria which were important secondary pathogens in most areas (Table 2 ). In particular, Bordetella bronchiseptica, a bacterium which is indicative of CDV infections in dogs (West 1979) , was commonly found (Table 2 ). In Denmark, it was isolated in 37 of 81 lungs (Heje et al. 1992) and, in northeast Scotland, it was found in the lungs of all 14 seals which had gross pathology indicative of PDV infection . The prevalence of Bordetella did, however, vary between different parts of the United Kngdom (Baker & Ross 1992) and, although seen in seals from Sweden and Germany, was absent in samples from Norway (Krogsrud et al. 1990) .
A virus tentatively classified as a picornavirus was isolated from the lung tissues of 20 of 22 seals sampled (Osterhaus 1988) . Antibodies to canine parvovirus were equally abundant in diseased and non-affected seals ). Eye, throat, heart, brain, and lung tissue and nasal swabs from 40 seals found dead (n = 123) in the German Wadden Sea were studied for the presence of mycoplasma (Kirchhoff et al. 1989) . Eleven different mycoplasma strains were isolated, but it was concluded that these were secondary invaders (Stadtlander et al. 1989 ).
DISTEMPER-LIKE VIRUSES IN MARINE MAMMALS
Tests for antibodies to CDV and PDV in pinnipeds CDV infections in dogs probably result in life-long immunity in recovered individuals (Appel 1987 ). If this is also true of PDV infections in seals, tests for CDV-neutralizing antibodies will indicate whether or not CDV-like infections are present in pinniped populations (Table 3) .
A survey of 134 serum samples collected between 1984 and March 1988 showed a pre-epizootic absence of CDV-neutralizing antibodies in European harbour seals . Thirty of these samples were tested later for RPV-neutralizing antibodies, and 5 showed positive (Osterhaus et al. 1989d) . A more sensitive ELISA-test sho~ved 3 of these samples to be positive for RPV or CDV antibodies, or in the CDV test. However, none of the tested seals had developed distemper-like symptoms, and it was concluded that a morbillivirus with much lower pathogenicity had been present before the PDV infection in 1988. Other studies have shown that there IS good maternal transfer of morbillivirus antibodies in both grey and common seals (Carter et al. 1992 , Cornwell et al. 1992 . Given that the samples in the study by Osterhaus et al. (1989d) were all from young pups at nursery stations, it is possible that the antibodies present were maternally derived. Consequently, the lack of disease symptoms in these pups may not be indicative that these are antibodies to another, less pathogenic, morbillivirus.
Morbillivirus antibodies were absent in samples taken from United Kingdom grey seals between 1985 and 1987, based both on ELISA (Carter et al. 1992 ) and virus-neutralisation (Cornwell et al. 1992) tests. However, samples taken during the autumn 1988 breeding season showed that almost all adult grey seals had seroconverted (Harwood et al. 1989 , Carter et al. 1992 ; Table 3 ).
Pacific pinnipeds from the Bering Sea were tested for CDV-neutralizing antibodies, but none showed positive (Table 3 ; ). In the Atlantic, harp seals Phoca groenlandica were considered possible vectors of the disease agent. Indirect immunofluorescense and ELISA tests of body fluids from 124 harp seals collected between 1985 and 1987 from the East and West Atlantic (Fig 2) showed that up to 30 % were positive (West Greenland; Table 3 ). After the epizootic in 1989 serum samples from harp seals collected from the West Ice and the Barents Sea, both part of the East Atlantic harp seal stocks (Fig. 2) , showed a high (98 %) prevalence of PDV neutralizing antibodies (Markussen & Have 1992) . It was characteristic that the antibody titres were higher for PDV than for CDV and more seals were positive to the PDV-neutralization test than to CDV-neutralization tests or immunofluorescence tests.
Archival sera samples from several species occurring in the Western Atlantic were also tested using ELISA techniques (Henderson et al. 1992 ). These studies indicate that Canadian populations of harp seals, ringed seals Phoca hispida, grey seals and hooded seals Cystophora cristata have been exposed to rnorbilliviruses (Table 3) .
In the Antarctic antibodies to CDV were detected in crabeater seals in 1989 (Bengtson et al. 1991) . Crabeater seals had a mass die-off in 1955 but no viral agent was detected (Laws & Taylor 1957) . The crabeater seal sera showed higher titres when exposed against a CDV-strain than to a PDV-isolate, and this led Bengtson et al. (1991) to conclude that a CDV infection had been introduced into the Antarctic, probably by sled dogs.
Results of tests for CDV-or PDV-like antibodies in various pinnipeds are given in Table 3 but the specifics of these tests varied. Liess et al. ( 1 9 8 9~) stressed the necessity of using a PDV-isolate when searchlng for antibodies against infections resembling the seal disease in 1988. Nevertheless, it is clear that CDV-like infections were present in a number of Atlantic and Antarctic pinniped populations, of several different species, before the epizootic in harbour seals began in the North Sea. At present PDV-like infections seem to be more common in harp seals than in any other pinniped except for the main victim of the epizootic in 1988: the harbour seal.
Tests for antibodies to CDV in cetaceans While the seal epizootic raged in the North Sea, an unknown number of harbour porpoises Phocoena phocoena were washed ashore, and some were tested for presence of morbilliviruses. A morbillivirus antigen was detected in 6 harbour porpoises found dead on the coast of Northern Ireland, and the pathology of the porpoises was similar to that associated with the seal disease (Kennedy et al. 1988b . However, subsequent analyses uslng monoclonal antibodies suggest that the virus isolate from these porpoises is distinct from both PDV and CDV , Rima et al. 1992 . CDV-antibodies were not detected in 5 harbour porpoises from the Kattegat in 1988 (P. Have, State Veterinary Institute for Virus Research, Lindholm, Denmark, pers. comm., Lindstedt 1990 ).
Serum samples from 13 bottlenose dolphlns Tursiops truncatus, captured alive on the U.S. east coast in 1987, were tested in CDV-neutralization tests (Geraci 1989a) . Six dolphins had titres ranging between 1 : 2 and l : 128, but no CDV-like lesions or viruses were detected in any of the dolphins from the mass die-off during 1987-88 (Geraci 1989a) . A mass die-off of a minimum of 400 striped dolphins Stenella coeruleoalba in the Western Mediterranean starting in July 1990 was caused by a rnorbillivirus (Domingo et al. 1990 ). How- Duguy (1989) , and (14) from Klingeborn (1990) ever, the virus involved has been described only in a and sei whales Balaenoptera borealis killed in Iceland preliminary way to date. Lesions in these dolphins during 1973 to 1989 and 1982 to 1988, respectively were similar to those in North Sea harbour porpoises in (Svansson et al. 1991) . 1988 (Kennedy et al. 1988b , Domingo et al. 1990 No antibodies against CDV or ?DV could be dc- October 1988 , by which time 'several thousands of the 80000 to 100000 seals in Lake Baikal had died' . The clinical symptoms were paralyzed hind extremities, opthalmitis, diarrhoea and convulsion of the hind flippers -all symptoms resembling those observed in the PDV infection in Europe ). The histopathological findings were also typical of those seen in the harbour seals: e.g. eosinophilic inclusion bodies in bladder epithelium, liver, kidneys, spleen, lungs and neurons of the brain and spinal cord , Osterhaus et al. 1989b ). Presence of a morbillivirus was shown by haemagglutination reactions with measles antigen, neutralization of a CDV vaccine strain, oligonucleotide probing, radioimmunometric assay and ELISA tests. Results showed that the majority of the seals had antibodies against CDV and that pathogen-free dogs developed CDV-neutralizing and ELISA antibodies within 12 d , Osterhaus et al. 1989b . Likhoshway et al. (1989) isolated the virus from Baikal seals and compared it to CDV isolated from infected dogs. After immunogold staining and electron microscopy they concluded that the seal virus was similar to CDV.
Three seals captured in Lake Baikal and introduced to a Japanese aquarium in May 1988 developed clinical symptoms similar to those associated with PDV and those described from Lake Baikal (Nunoya et al. 1990 ). All died within 18 d , but before dying they infected 3 Baikal seals already residing at the aquarium. The latter developed the clinical signs within 11 to 16 d. One died 22 d later, and the remaining 2 were treated medically and recovered after 22 to 27 d with clinical signs. Histopathological characteristics observed in European harbour seals in 1988 and in Siberian Baikal seals in 1987 were prominent in all seals that died: e.g. acute interstitial pneumonia, inclusion bodies and depletion of lymphocytes. Serum from the 2 infected but medically treated seals had high titres of CDV-neutralizing antibodies (Nunoya et al. 1990) .
The viruses isolated during the seal disease in 1987 in Baikal seals and in 1988 in harbour seals were tested for differences by comparing neutralizing antibody titres of the 2 seal viruses with that of CDV, and by assessing their reactivities in indirect ELISA tests with CDV-reactive monoclonal antibodies (Osterhaus et al. 1989c , Visser et al. 1990 ). On the basis of these tests, it was concluded that the virus that infected the Baikal seals was more closely related to CDV than to any other morbillivirus, including PDV (Osterhaus et al. 1989c , Visser et al. 1990 ). This conclusion was later confirmed as a result of polymerase chain reaction analysis (Barrett et al. 1992) .
The similarity between the Baikal seal virus and CDV suggests an epizootiological link to a simultaneous outbreak of CDV in dogs, some of which had 'close contact with seals' . This is the first confirmation that CDV can infect pinnipeds.
ASPECTS OF HEALTH BEFORE THE EPIZOOTIC
It has been suggested that vulnerability to infection by PDV is affected by parasite infestation or pollution (e.g. Eis 1989 ).
Parasites in alimentary tracts
Three species of nematode parasites are found frequently in European harbour seals: Pseudoterranova decipjens (cod worm), Contracaecum osculatum, and Anisakis simplex (herring worm) (Young 1972 , Bjarge 1987 , Lick 1989 , Claussen et al. 1991 .
The harbour seal is one of the final hosts for cod worm, which is the most common anisakine species in harbour seals in European waters. Occurrence of this parasite increases with age (Lick 1989 , Lunneryd 1991 . and varies insignificantly between areas. In the Wadden Sea, 96 % of seals older than 2 yr were infected (Lick 1989) , whereas a prevalence of 65 % was found in the Kattegat-Skagerrak (Lunneryd 1991) In British waters a similar high infection rate (80 %) was reported in older seals (Young 1972) . The prevalence of Contracaecurn osculatum is reported to be 28 O/O in the Wadden Sea (Lick 1989) , close to 100 % in British waters (Young 1972) , and 45 % in the KattegatSkagerrak (Lunneryd 1991) . Data from the Norwegian coast indicate a comparatively low prevalence ( B j~r g e 1987) . There seem to be only small effects of cod worm and C. osculatum on the health of their hosts, but some studies indicate that both species might contribute to development of gastric ulcers in harbour seals (McClelland 1980) . Juvenile herring worms are widely distributed in pinnipeds, but mature specimens are reported only occasionally in seals. Thus seals are probably of minor or no importance to the spread of Anisakis simplex (e.g. Machida 1971 , Smith & Wootten 1978 , Bjsrge 1987 , Lick 1989 , Lunneryd 1991 . Gastric ulcers are often found in association with herring worm infestations in both harbour seals and harbour porpoises (Smith 1989) . Herring worm and the associated gastric ulcers have not been reported from the Baltic, probably because of the lack of suitable intermediate invertebrate hosts there (Lunneryd 1991) .
Studies on the occurrence of trematodes, cestodes and acanthocephalans in harbour seals from Niedersachsen (Fig. 1) showed infestation rates of 71 % for Cryptocotyle lingua, 36 O/o for Phagicola septentrionalis, 32 % for Diphyllobothrium cordatum, and D. strumosum and 95 % for Corynosoma strumosum (Strauss et al. 1991) . These species show a considerable variation in prevalence between regions. The prevalence of C. strumosum was 25 % in the southern Kattegat (Lunneryd 1992) .
Other parasites
In the Wadden Sea, the lungworm Otostrongylus circumlitus was reported in 26 %I of 115 studied seals, whereas 32 % were infested by heart worm Dipetalonema spirocauda (Breuer et al. 1988b , 1988d . Claussen et al. 1991 . Parafilaroides gymnurus was detected in 27 % of the studied lungs and in addition in livers of 2 seals, and in the pulmonary artery in one case (Claussen 1990 , Schumacher et al. 1990 ). In 22 of 101 necropsied seals, massive pulmonary and cardial parasitic infestations had led to chronic pulmonary disease and severe pulmonal and mediastinal emphysemas, causing pneumothorax or phytothorax as immediate cause of death. Most seals were afflicted in varying degrees by lice Echinopthirius horndus (Schumacher et al. 1990) , which is assumed to be the intermediate host of heart worm (Geraci et al. 1981) .
In the Irish Sea 12 of 108 seals examined had heart worms in the right ventricle and pulmonary artery, and nasal mites Halarachne halichoeri were seen commonly in nasal cavities (Kennedy et al. 198913 ). Many of these seals were also infected with the lungworm Otostrongylus circumlitus. Around Scotland nasal mites were observed in 2 seals and parasitic bronchitis caused by 0. circumlitus was a feature in the younger age groups where it appeared to cause greater problems than Parafjlaroides sp. ). In the Kattegat-Skagerrak, the 0. circumlitis, lice and nasal mites were not observed, but heart worm was reported in 18 of 158 seals examined, with a range of l to 30 specimens per infested seal (Lunneryd 1992) . The low abundance and infestation, rate indicate that no major detrimental effects can be expected on the seals in this area.
Thus, infestation of parasitic stomach nematodes did not substantially affect the mortality of various seal stocks, but in some areas massive infestations of lung and heart worms could have aggravated the disease.
Pathological changes in seal skulls
The basic structure ('blueprint') of bony tissue is formed in a process where calcium salts are mineralized around a collagen matnx. The continuous process of bone formation and demineralization in living animals is normally adjusted to the required stability of bones. Abnormal changes in structure or calcium content may be caused by deficiencies or hormonal imbalance (DeLellis 1989) . Furthermore, structural changes of matrixes can also result in deformation of bones.
In a pilot study of 75 skulls of harbour seals from the German coast, 11 % had severely increased porosity, whereas 48 % were slightly but clearly different from normal skulls (Stede & Stede 1990 ). In one third of the material, bone lesions of varying severity were present. Pathological changes were also studied in 199 skulls from adult harbour seals collected along the Swedish coast. These were compared with 43 skulls collected in the period 1835 to 1935. Mild lesions were found in a significantly higher frequency in the recent material and severe loss of bone tissue occurred only in the recent material (Mortensen et al. 1991) . The lesions were characterized by loss of alveolar bone of the jaws, often manifested as bone defects in the mandible or maxilla. Similar and more severe changes were previously described in grey seals from the Baltic (Bergman et al. 1986 ). Another type of lesion, characterized by disturbance of the contour of the alveolar bone (alveolar exostosis), also showed significantly higher prevalence in the recent sample.
In a study of developmental stability of grey seal skulls from the Baltic, it was found that, compared with material from before 1950, the more recent material (after 1960) showed a statistically significant change in the phenotype structure (Zakharov & Yablokov 1990) . In harbour seals from Germany, 59 "/0 of studied individuals showed some kind of deformation or abnormality (Stede & Stede 1990 ).
Osteoporosis and lesions belong to the complex of disturbances in reform.ation of bone tissue. The assumed connection with hormonal imbalance (hyperadrenocorticism) suggests osteodystrophia as a cause for osteoporosis (Bergman & Olsson 1986 , Bergman et al. 1986 ). In hyperadrenocorticism (Cushing's disease) osteoporosis is part of the spectrum of disease symptoms and lesions observed both in animals (e.g. Feldman 1983 , Scott 1979 and man (e.g. Sommers 1977 , DeLellis 1989 .
Hormonal imbalance has been discussed by several investigators as an effect of contamination with polychlorinated biphenyls (PCB) (Bergman et al. 1986 , Stede & Stede 1990 . By their basic chemical structure, PCBs could interfere in the regulatory mechanisms of steroid hormones (e.g glucocorticoid) (Safe 1984) . Hypertrophy of glucocorticoids depresses formation of collagen, leading to a higher degree of porosity of bones due to lack of collagen matrixes. -1970 -1976 -1977 -1979 -1975 1988 1988 1988 1988 1988 1988 1988 1988 1989 1989 1989 Grey seal -1970
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Contaminant levels female 8 to 10 yr) from the Bothnian Sea, which had 146 and 157 Bq kg-', respectively. A single 1 yr old Levels of contaminants are not always comparable ringed seal from the same area had a level of 331 Bq because of differences in sampling and methods of kg-' body weight (A. Bergman, Swedish University of analysis. However, it is evident that the highest levels Agricultural Sciences, Uppsala, Sweden, pers. comm.). of PCB have been found in harbour seals from the None of the reported levels are alarming compared to German Wadden Sea and in grey seals from the Baltic levels in some terrestrial mammals. in the 1970's with levels of ca 150 kg g-' (Table 4) . For pesticides such as DDT, the Baltic, the Gulf of Bothnia and the Bothnian Bay were the most polluted areas in POSSIBLE TRIGGERING MECHANISMS the same period, with means in grey and ringed seals from 420 to 88 pg g-', descending in the geographical Pollution order given (Table 4 ) . In the Wadden Sea, Reijnders (1980) found a gradient in PCB levels in harbour seals A number of authors have discussed the possible role from the Danish to the Dutch Wadden Sea, with inof contaminants in the seal epizootic (e.g. Brouwer et creasing levels towards the Dutch Wadden Sea. al. 1989 , Dietz et al. 1989b , Eis 1989 , Law et al. 1989a , Helle et al. (1985 showed a reduction in DDT and 1989b, Sirnrnonds & Johnston 1989, Harwood & Gren-PCB levels in yearlings of grey seals and ringed seals fell 1990). from the Gulf of Finland and the Bothnian Bay over the When the seal plague started in April 1988 anthroperiod 1976 to 1983. This reflects the decrease in PCB pogenic factors were suspected as being responsible and DDT in Baltic marine biota in the same period for the events. The large number of abortions was (Olsson & Reuterghrdh 1986) . reminiscent of the many premature births of sea lions Analyses of organochlorines were carried out on observed in southern California beginning in 1968. seals that died during the epizootic in England, NorthThe fact that sea lions which aborted had PCB and ern Ireland and Norway but values were low, i.e. in the DDT fractions in the blubber that were, respectively, range of 0.14 to 100 and 0.1 to 12.1 mg g-' wet weight 6.6 and 8.0 times higher than those found in normally (w.w.) for PCB and DDT, respectively (Table 4; Law et whelping females inspired the belief that these subal. 1989a. Skaare et al. 1990 , bIitchell& Kennedy 1992 stances were responsible for the high ~ncidence of Hall et al. 1992b ). These results were in the lower abortions (DeLong et al. 1973) . Subsequent research range of previously reported values from the North on a larger sample revealed an imbalance in the Sea, Kattegat and Baltic Sea (Table 4 ; Reljnders 1980, atomic ratio of Hg-Br-Se and a high incidence of Lep- Donkin et al. 1981 , Perttila et al. 1986 tospira infections, thus illustrating the complexity of 1988). The levels also were equivalent to or lower than the problem of assessing cause-and-effect relationthose in the normally breeding population of California ships , Martin et al. 1976 ). sea lions Zalophus californianus which had mean PCB Later In 1988, the deaths of juvenile and adult and DDT ranges of 12 to 25 and 51 to 203 mg g-' w.w., harbour seals, which was not observed in California respectively (DeLong et al. 1973) . sea lions, indicated that a viral infection rather than Heavy metals constitute a gr0u.p of pollutants that organochlonnes (or other pollutants) was the primary has been extensively studied in European seals (e.g. cause of the seal disease. The timing of the outbreak Henrikson et al. 1969 , Heppleston & French 1973 would have required that these compounds be mobi- Roberts et al. 1976 , Drescher et al. 1977 , Caines 1978 lized to functionally toxic levels within a synchronized Harms et al. 1978 , Duinker et al. 1979 , Reijnders 1980 time-pulse. Thi.s is an unlikely scenario for substances Perttila et al. 1986 , Skaare et al. 1990 , Law et al. 2991 .
that have been more or less constantly present in the However, the etiology of the seal disease does not fit environment and body tissues of seals for decades, with clinical findings of intoxication by heavy metals unless something had triggered their release from fat such as mercury, cadmium and lead.
reserves by first debilitating the animals (see also Information on radionuclides in pinnipeds is limited.
Geraci 1989a). Although the acute toxicity of a pollu- Reijnders (1990) cites unpublished results from Dretant can be ruled out as a proximate cause of the scher for '3JCs/'37Cs to be around 3 to 4 Bq kg-' body seal deaths, it remains a possibility that indirect and weight of harbour seals in the Wadden Sea. Anderson immunosuppressive effects of organochlorines may et al. (1990) found that levels of '"CS in muscles from 3 have made seals more susceptible to PDV infection. British grey seals ( 2 pups and an adult female) varied
The levels of PCBs represent the sums of 209 theobetween 6.4 and 27.5 Bq kg-', whereas levels of 12'Cs retically possible isomers and congeners with differwere significantly lower These levels are much lower erent toxic and biological response. Among these than observed '"CS values of 2 grey seals (male 1.4 yr; isomers and congeners, 20 attain coplanarity and are approximate isostereomers of the highly toxic 2, 3, 7, CDD) and 2, 3, 4, 7, CDF) and hence elicit similar toxic and biological responses (Tanabe 1988) . These congeners have proven less toxic to guinea pigs, but the fact that coplanar PCBs are present at much higher levels than dioxins and furans makes them of similar concern (Tanabe 1988) . Wasserman et al. (1979) demonstrated an increase in the vulnerability of laboratory rats to infections when exposed to specific PCBs. Bergman & Olsson (1985) suggested that PCBs and other organochlorines were associated with a disease complex in Baltic grey and ringed seals. Among the different lesions observed, uterine stenosis and occlusions, uterine tumors, intestinal ulcers, bilateral adrenocortical hyperplasia, arteriosclerosis and glomerulopathy were common. Common lesions in integuments were deformations and fractures of the claws. In a few cases these were regional skin changes similar to those present in endocrine dermatopathy. The adverse effect of PCBs on reproduction is believed to be one of the main reasons for the decrease of seal stocks in the Baltic (Olsson et al. 1975, Helle et al. 19?6a, b) . Uterine occlusions or stenose which severely affect fertility were found in 30 % of adult grey seals and 70 % of adult ringed seals. Both PCB and DDT are known to interfere with the hormonal cycle (Peakall 1967 , Orberg et al. 1972 , Orberg & Kihlstrom 1973 , Orberg & Lundberg 1974 although DDT has been found to have little influence on the reproduction of mink (Platonow & Karstad 1973 , Aulench & Ringer 1977 , Jensen et al. 1977 , Bleavins et al. 1980 . Reijnders (1986) showed experimentally that captive female adult harbour seals fed PCB-contaminated fish experience hormonal disturbances and reproductive failures. Brouwer et al. (1989) studied effects of PCB on harbour seal endocrinology by comparing a group of 12 females fed contaminated fish from the Wadden Sea with an equally large group fed non-contaminated fish over a period of 2 yr. They found drastically reduced levels (30 to 55 %) of plasma retinol and thyroid hormone in the test group. The presumed resulting vitamin A deficiency was suggested to cause retarded growth, reproductive disorders and other pathological changes. Brouwer et al. (1989) also suggested a possible link to the seal epizootic since vitamin A plays a n important role in the immune response and vitamin A deficiency could result in increased susceptibility to microbial infections. In fact, Schumacher et al. (1990) found 'disturbed thyroid function' in 2 of 6 examined seals from the seal epizootic.
In studies of harbour seals which survived the epizootic, levels of certain PCBs in blubber biopsies were significantly related to blood thymulin concentrations when time since exposure to PDV was also taken into account (Kendall et al. 1992) .
In the United Kingdom, Hall e t al. (1992b) also compared organochlorine (DDTs and PCBs) concentrations in the blubber of seals found dead during the disease outbreak with levels in biopsies taken from survivors during the following spring. For most of the compounds analysed, organochlorine levels were significantly higher in seals which died. These data are therefore consistent with the hypothesis that seals with high organochlorine burdens may have been more vulnerable to PDV infection. However, sampling variation and changes in body condition may also have contributed to these differences and further work is required before firm conclusions can be drawn (Hall et al. 1992b) . Dietz et al. (1989b) listed several previous incidents of mass mortality, some with a similar etiology, from times before organochlorines were introduced and from areas with low input of pollutants. The CDV outbreak among high Arctic sled dogs had mortalities of up to 80 % (Bohm et al. 1989 ). An immunosuppressive effect of organochlorines in the sled dogs has not been considered although organochlorines a r e present in dog food at levels comparable to European fish (e.g. Addison & Smith 1974 , Addison & Zinck 1986 , Muir et al. 1988 , Muir et al. 1990 ). Also, distemper-like diseases have a long record in Greenlandic sled dogs (Bohm et al. 1989) .
During late winter and spring of 1988 the Kattegat, Skagerrak and North Sea experienced unusual blooms of both toxic and nontoxic algae, sustained by eutrophication and a mild wet winter (Rosenberg et al. 1988 ). The algal toxin killed large numbers of benthic invertebrates and fish. This ecological disturbance has occurred annually, although in less pronounced forms, over almost a decade (e.g Edler 1986 , Baden e t al. 1990 ). The deaths of 14 humpback whales A4egaptera novaeangliae in Cape Cod Bay (Massachusetts, USA) in 1987 showed that phytotoxins could have a fatal effect on marine mammals ( G e r a c~ et al. 1989). The whales died after consumption of Atlantic mackerel Scomber scombrus containing saxitoxin, a dinoflagellate neurotoxin responsible for paralytic shellfish poisoning in humans. Brevetoxin produced by Ptychodiscus brevis, Florida's 'red tide' organism, was found in dolphin livers at levels that cause human illness, among bottlenose dolphins that died along the U.S. east coast during 1987-88 (Geraci 1989a, b) . The seals that died in the PDV epizootic usually had empty stomachs indicating that they had not fed recently and analysis of the scarce remains in stomachs indicated no evidence of saxitoxins (K. Granby, Danish Environmental Research Institute, Copenhagen, Denmark, pers. comm.).
In conclusion, the eruption, development and dynamics of a distemper-like seal dlsease could occur without a linkage to pollutants. Nevertheless, organochlorines may have been present at immunosuppressive levels in seals affected by the 1988 European seal epizootic, and these may have contributed to the development of the disease.
Crowding and over-population
Many European harbour seal stocks have been increasing since the 1960s (e.g. Heidemann 1987 , Stede 1987 , Heide-Jergensen & Harkonen 1988 , and this fact led to speculations that the epizootic could have been at least partially due to 'over-population'. This argument presupposes that one or several resources are limiting for the growth of the population. Such resources could be food or space at haul-out sites used for reproduction. In most areas in Europe, harbour seal stocks have been increasing steadily and no signs of density-dependent regulation on population growth were noted until 1988 (Heide-J~rgensen & Harkonen 1988) . Furthermore, most of the seals found dead during the epizootic were in normal nutritive condition (Harkonen & Heide-Jerrgensen 1990b) , indicating that availability of food was not a limiting factor.
However, in an epizootiological context, density of pinnipeds is determined not only by population size but also by the crowding at haul-out sites (Fig. 3) . Such crowding is itself affected by the number and area of haul-out sites, population size, and weather factors that periodically provide favourable conditions for hauling out. It is intuitively acceptable that the number of contacts between individuals is larger in dense herds where seals are huddling together on limited space. This is a function of seals hauled-out per area rather than a function of number of seals in the afflicted herds. Increased number of contacts between individuals increases dispersal rates by increasing the infection rate and by elevating the dose of infective viral particles received by each individual to threshold levels. Seals may seroconvert after recei.ving a low dose of infectious agents (see also ).
The disea.se developed identically In smal.1, and large herds from the Kattegat-Skagerrak, and in some small seal herds in the Baltic (Heide-Jsrgensen & Harkonen 1992). Other herds may have escaped the disease in 1988, e.g. some in the Baltic, Iceland, northern Norway, while others had a low mortality, e.g. in Scotland. The reduction in the opportunities of lateral spread of the virus in small and dispersed seal herds may explain why some herds had a significantly lower epizootic intensity Also, the crowding on the few undisturbed haul-out sites may have aggravated the epizootic.
The other seal species frequently infected by morbilliviruses -crabeater seals, grey seals and harp seals -are both gregarious and form whelping patches. However, their whelping patches are not as dense as those seen for European harbour seals during the 1980s (Fig. 3) . Lavigne & Schmitz (1990) found that in previous incidents of mass mortalities in pinnipeds, unseasonally warm weath.er prevailed prior to most mass die-offs. Gorham (1966) and Appel (1987) noted for dogs that the risk of infection by CDV increases with the density of the population, and this results in increased numbers of incidents during the cold season of the year. This could be explained either by a tendency to huddle together for warmth or by increased susceptibility of the respiratory epithelium during cold months.
In some areas, pinniped haul-out behaviour is related to changes in temperature. However, the influence of temperature only appears to be marked in extreme conditions. On Sable Island (Nova Scotia, Canada), for example, harbour seals rarely come ashore when windchill-corrected temperatures fall below -15 "C (Boulva & McLaren 1979) . In more temperate conditions, such as those found throughout the North Sea, temperature variations explain little of the variation in the number of seals present at haul-out sites (Schneider & Payne 1983 , Kreiber & Barrette 1984 . Seals haul-out throughout the year in these areas, and threshold values for an expansion of the 1988 epizootic were much lower than the size of most of these winter groups (Heide-Jerrgensen & Harkonen 1992). Warm weather is therefore unlikely to have enhanced the chance of an epizootic through its effects on haul-out densities.
Vectors of morbilliviruses
During 1.986 to 1988 the North Sea was invaded by harp seals from the Northeast Atlantic and it has been suggested that migrating harp seals were a vector of PDV (Goodhart 1988 , McGourty 1988 , Wiig 1988 . One harp seal was found dead in the Wadden Sea of Niedersachsen in April 1988 ( Fig. 2 ; M . Stede, Cuxhaven, Germany, pers. comm.) and another one with a high antibody titre against PDV was found on the west coast of Jutland (Denmark) in October 1988 (Fig. 2 , P. Have, State Veterinary Institute for Virus Research, Lindholm, Denmark, unpubl. data) but there is no conclus~ve evidence that harp seals were in contact with the harbour seals in the Kattegat-Skagerrak or the North Sea in 1988 (see also Howes 1989) . Harp seals are frequently infected by PDV as revealed by the presence of antibodies but it is not known whether the infections causes any diseases in the seals. Trans- mission of PDV is most likely by aerosols during acute infections of perhaps 2 wk (Appel 1987 , Visser et al. 1990 . A morbillivirus infection has been detected in harbour porpoises and, because of their supposed migratory behaviour, they have also been proposed as a vector (Kennedy et al. 1988b ). Data on porpoise movements and contacts with seals in the North Sea area are too meagre to confirm this hypothesis (Kennedy et al. 1989a , Klinowska 1989 . Furthermore, evidence now suggests that the infection in porpoises was by a different morbillivirus (Rirna et al. 1992) .
Sled dogs in northern Canada and Greenland experienced a severe epizootic caused by CDV infections during October 1987 to February 1988 (Leighton et al. 1988 , Bohm et al. 1989 ). The primary infectious agent was identified as CDV by virus isolation and neutralization tests, and it was suggested that infected migrating arctic foxes Alopex lagopus had transmitted the CDV infections in the high Arctic (Bohm et al. 1989) . The virus isolated from sled dogs was immunologically more closely related to CDV than to PDV ). The virus isolated from Baikal seals (see section on distemper disease in Baikal seals) was antigenically more similar to CDV than to PDV, and we therefore conclude that no epizootiological links exist between these CDV outbreaks and the PDV infection in the North Sea harbour seals. Nevertheless, the diseases in sled dogs and Baikal seals may well be linked, as both these species may have contact with arctic foxes or wolves, the presumed main reservoirs of CDV in the high Arctic (Bohm et al. 1989 , Stephenson et al. 1982 .
Virus isolates from a distemper outbreak in Danish mink Mustela vison in 1989 reacted identically to PDV isolates in tests with monoclonal antibodies directed against CDV and PDV ). However, another morbillivirus isolate derived from Mustelidae from a coastal area of northern Germany could be antigenically distinguished from 16 PDV-isolates (Harder et al. 1991) . Inoculation of lung homogenates from diseased Danish seals in mink showed that the virus provoked a disease resembling canine distemper (Blixenkrone-M~ller et al. 1989) . Evidently, the sealderived virus may infect mink, but also 'the opposite possibility can not be ruled out' ).
CONCLUSIONS
Considerable new information has been gained since the seal epizootic began in 1988. Although much still can be learned, a number of fundamental questions on the disease are now solved.
(1) The etiology of the seal disease is well described from most areas (except the northern isles of Scotland), and the pathological and virological findings are in good concordance from all studied seal groups. The descriptions vary in detail but render little doubt that the disease had identical characteristics for all afflicted groups, and that a highly contagious virus, phocine distemper virus (PDV), from the genus of Morbillivirus was the primary cause of the disease.
(2) Studies of the antigenic and biochemical properties of PDV indicate that it is a newly recognised morbillivirus different from canine distemper virus (CDV), measles, rinderpest and peste-des-petite-ruminants. It has also been demonstrated that PDV is not a simple mutation of CDV or another rnorbillivirus, but rather a virus specific for marine mammals, that, on a n evolutionary time-scale, may have developed from CDV.
(3) Apart from PDV a number of viral and bacterial agents, as well as parasites, have been identified in the dead seals but none of them seem to be of primary importance for the development of the disease syndrome. However, the defence and control of normally trivial bacterial infections may be hampered in seals infected by the immunosuppressive PDV infections.
(4) The high Intensity and mortality of the epizootic can be explained by the fact that PDV was introduced into a naive population with limited or no specific immunity to the virulent pathogen. No contributory external factors are necessary for explaining the severity of the distemper-like disease, but synergistic effects of pollutants cannot be ruled out and should be studied experimentally.
(5) Bone lesions and skull deformations indicate that parts of the European seal stocks may have been affected by hormonal imbalance before the epizootic. There are also Indications in some areas that diseased seals carried higher levels of organochlorines than survivors.
( 6 ) The cause behind the differences in mortality rates in different parts of the North Sea remains unknown. Possible explanations include differences in the density of haul-out groups, variations in previous exposure to morbilliviruses or differences in immune status.
(7) Morbillivirus infections are extant in both North Atlantic and Antarctic pinnipeds and in dolphins and porpoises from the Atlantic and the Mediterranean. The morbillivirus responsible for the diseases in high Arctic sled dogs and Baikal seals in 1987-88 was probably identical to CDV, and clearly different from the PDV responsible for the North Sea seal epizootic in 1988.
(8) PDV was probably transmitted to terrestrial carnivores, causing distemper outbreaks in Danish mink farms in 1989. The epizootiological relation between the disease outbreaks in mink and seals needs to be studied further.
(9) Harp seals are a plausible vector of PDV as their populations showed a high prevalence of antibodies to the virus even before the epizootic in 1988. They are also highly migratory and have recently visited European waters. Harp seals were observed in the vicinity of harbour seal haul-out sites during 1986 to 1988.
